Marine algae from the cosmopolite dinoflagellate genus Karlodinium have been implicated in several fish killing events. 1 Recently, the responsible fish-killing toxin from K. veneficum, named karlotoxin 1 (1) , was isolated and its structure characterised by van Wagoner et al. 2 Subsequently, the absolute configuration of karlotoxin 2 (2) was assigned in a study by Peng et al. 3 Several other congeners have since been reported. Common for karlotoxins are that they are large linear amphipathic compounds consisting of a carbon backbone containing between 60-64 carbon atoms, with two hydroxylated tetrahydropyran rings, one of which has an attached lipophilic arm, while the other has a polyhydroxy arm. 4 These toxins are related to amphidinols (e.g. amphidinol 3 (4)), originally isolated from the dinoflagellate Amphidinium klebsii, 5 compounds that have been shown to exhibit both cytotoxic and antifungal activity. 6 In addition the amphidinol analogue, carteraol E, has been shown to be ichthyotoxic, but the experimental conditions were not stated. 7 Karlotoxins have also been indicated to be produced by K. conicum, a recently discovered species from the Australian Ocean. Thus, Mooney et al. 8 screened several Australian strains of K. veneficum and K. conicum for haemolytic activity and for their capabilities to produce karlotoxinlike compounds. Based on UV and mass spectrometric data it was found that strains of K. veneficum produced the well-known karlotoxin 2 as well as two unknown karlotoxin-2 related compounds, whereas K. conicum was reported to produce two karlotoxin-like compounds (KmTx 9/KcTx 1) with low haemolytic activity. In addition, karlotoxins have also been reported in the East China Sea. 9 The mode-of-action of karlotoxins has been shown to be related to the disruption of the cell membrane by specific binding to cholesterol, 10 thus creating pores in the membrane similar to that of the amphidinols. 11 This behaviour has been attributed to the hairpin conformation of this compound class when binding to cholesterol in bilayer membranes. 11, 12 K. veneficum's principle membrane sterol is gymnodinosterol which renders it immune to its own toxin. 13 In addition, karlotoxin is also one of the few toxins that have been shown to pose allelochemical properties to other phytoplankton and thus also functions as a grazing deterrent. 14 Recently, a new Karlodinium species, K. armiger was isolated in the Mediterranean Sea. 15, 16 K. armiger has been associated with several reported fish kills and is therefore considered to be an ichthyotoxic species. 16 Like, K. veneficum, K. armiger is mixotrophic, because it relies on both prey feeding and photosynthesis. However, K. armiger grows very slowly without prey (0.01-0.06 divisions per day) 17 on a nitrate based nutrient medium such as f/2, unlike K. veneficum which grows well in such nutrient media (0.3 division per day), although better in the presence of prey. 18 Both K. armiger and K. veneficum are peduncle feeders (tube feeders). Upon identification of a potential prey they apply a capture filament (a harpoon) and subsequently immobilize the prey, allowing them to suck out prey nutrients or pull the prey into a food vacuole for digestion. Both species can immobilize prey of a wide range of different sizes, such as algae, copepods and other metazoans. [19] [20] [21] [22] For instance, it has been shown that cultures of K. armiger (15 μm) are able to immobilize the much larger copepod, Acartia tonsa (1 mm), within minutes. 23 Karlotoxins from K.
veneficum have been shown to be involved in prey immobilization, 14, 19 however, apparently not as effective towards copepods, such as A. tonsa, that respond by a decreased food uptake. 20, 21 In line with this another study reported that whole culture and filtrates of K. corsicum cause paralysis of the female copepod A. grani. 24 In this paper we have identified and characterized a new karlotoxin-like compound, that we have named karmitoxin (3) . Karmitoxin is longer than any previously described karlotoxin-like compounds. Furthermore, karmitoxin contains an amino group, a feature not previously seen for such compounds. The toxicity of karmitoxin proved to be in the nanomolar range, both when tested in a RTgill-W1 cell assay, 25 and towards the copepod, A. tonsa.
The initial investigation of a K. armiger extract identified the presence of a compound with a protonated molecule ([M+H] + of m/z 1386.8875) which combined with the isotopic pattern indicated an elemental composition of C73H127NO23. The compound had a maximum UV absorption at 226 nm similar to that of karlotoxin 1 (1) . In order to isolate this compound in quantitates allowing for NMR characterization, two large-scale cultivations (60 L natural abundance and 60 L enriched with NaH 13 CO3) of K. armiger were performed.
Although, the K. armiger strain K-0668 usually grows very slowly without the addition of prey, such as the cryptophyte Rhodomonas salina, it was found that the growth rate could be increased to ~0.3 division per day, simply by the addition of ammonium, although, the addition of NH4 + should be carefully controlled, due to its equilibrium with the toxic NH3 at higher pH. Hence, first we had to establish the concentration of ammonium that could be spiked to the cultures and that would generate the wanted cell concentration without being toxic. We found that spiking of the K. armiger culture with 50 µM ammonium was sufficient in order to grow K. armiger up to a cell density of ~15×10 3 cells·mL -1 . By utilizing the ammonium spiking, two large-scale cultivations were carried out, one being in normal natural 13 C abundance medium, whereas the other cultivation was performed in the presence of 150 mg L -1 NaH 13 CO3. Following cultivation, the compound, hereafter named karmitoxin (3), was isolated from the supernatants using standard semi-preparative reversed-phase chromatography.
The structure of karmitoxin was elucidated by extensive analysis of homo-and heteronuclear high-field NMR data. The HSQC spectrum showed two methyl groups, 21 aliphatic methylene groups, 25 likely oxygenated carbon atoms, 15 olefinic protonated carbons two of which have geminal protons. In addition, the HMBC spectrum and 13 C spectrum revealed one quaternary olefinic carbon as well as a carbonyl carbon atom, altogether suggesting a total of nine double bonds. With a calculated number of double bond equivalents of 11 this left us with two rings to account for. As deduced by the number of double bond equivalents and the excess number of presumed oxygen atoms as deduced from the HSQC data, we suggest karmitoxin to incorporate two cyclic ethers as observed for the karlotoxins. The ring was formed by the ether linkage between C-37 and C-41, established by a HMBC correlation observed from H-41 to C-37 ( Figure S8 ). Similarly a second cyclic ether linkage between C-48 and C-52, could be established by an HMBC correlation from H-52 to C-48 ( Figure S8 ). As indicated by the HRMS analysis, karmitoxin contained a nitrogen atom. It was indicated to be a primary or secondary amine due to its positive reaction with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AccQ Tag). The positioning of the amino group was based on the chemical shift observed for H-1 (δH 3.54) and the shielded C-1 shift (δC 40.8), both very characteristic of a primary amine.
Elucidation of the exact length of the aliphatic chain (C-55 to C-70) was based on the unassigned C4H8 atoms that remained after all other signals had been accounted for in the HSQC and HMBC spectra. In the TOCSY and COSY spectra, H-56 and H-66 showed correlations to a strong proton chemical shift value (H 1.32) that displayed a large integral in the 1 H NMR spectrum.
In, addition, the 13 C spectrum also revealed several signals around 29 ppm. Hence, we infer that the missing C4H8 atoms are a chain of four successive CH2 units generating a large aliphatic chain similar to what has been reported for the structurally related karlotoxins. 2 were extracted from the phase-sensitive DQF-COSY data. HMBC correlation are showed in Table S1 . The relative configurations of the two tetrahydropyran rings were determined based on the observed coupling constants and qualitative NOESY correlations, which showed that both the tetrahydropyrans C-37 to C-41 and C-48 to C-52 had adopted chair conformations ( Figure 2 ). The Recently, the DP4 probability analysis was performed on the polyol arm of new karlotoxin analogues, in order to obtain stereochemical information from experimental and theoretical 1 H and 13 C chemical shifts. 12, 27 This method was attempted utilized on karmitoxin, but yielded conflicting answers to the relative configuration of the flexible part (C-1 to C-25), which is thus not considered solved. For data and a full discussion on the difficulties and appropriateness in applying the DP4 probability analysis to such very flexible system, see the Supporting Information.
The biosynthesis of the karmitoxin-related amphidinols has been shown to be catalysed by polyketide synthases by stable isotope incorporation studies using 13 C labelled acetate. 28, 29 It has been suggested that the starter unit is likely glycolate, as the terminal C-1 and C-2 are not enriched upon 13 C-acetate cultivation. 30 Most of the structural differences between the amphidinols and karlotoxins are observed in the polyol side "arm", where the differences in the length of the "arm" is likely to be explained by different programming of PKS modules of the PKS. 28 Here, we speculate that the starter unit of the biosynthesis of karmitoxin is the amino acid glycine. The use of glycine in the assembly of nitrogen containing polyketides, has been shown in the case of the imine containing 13-desmethyl spirolide C, isolated from the dinoflagellate Alexandrium ostenfeldii. 31 Three stable isotope incorporation experiments were conducted to test this hypothesis. We supplemented K. armiger with either 1 mM 1-13 C-glycine, or 1 mM 15 N-glycine for 10 days and 0.5 mM 1,2-13 C-glycine for 10 days. Although, we observed a clear increase of the A+1 isotopomer, we could not detect any increase of the A+2 in case of the 1,2-13 C-glycine, which would be expected if glycine was indeed incorporated. Thus this simple experiment did not lead to further insights into the biosynthetic origin of the amine group in karmitoxin.
The purified toxin was tested both using a rainbow trout gill cell assay (RTgill-W1) as well its ability to immobilize the copepod, A. tonsa. Using a calibrated karmitoxin solution it was found to lyse RTgill-W1 cells in a dose-response manner with an LC50 value of 125±1 nM ( Figure 4A ) By utilizing florescence tagging, similar to what recently has been reported for the derivatization of Btype of prymnesins, we observed an similar LC50 value in the RTgill-W1 assay (99±11 nM) (Figures S10). 32 When evaluating the purified karmitoxin towards female adult copepods, A. tonsa, a rapid immobilization was observed after 2 h, where the copepods did not move or make any "escape jumps", at the highest tested concentration (1225-2450 nM). Most of the copepods were dead after exposure to 2450 nM of karmitoxin for 4 h, while all copepods were immobilized at a concentration of 1225 Nm of karmitoxin. The 24 h LC50 was calculated to 400±100 nM ( Figure 4B ). This is in good agreement with the identified concentration of karmitoxin in culture (288-432 nM). Under physiological conditions the amine of karmitoxin is protonated and we speculate that this could lead to an increased uptake into the cells and perhaps an increased interaction of karmitoxin with negatively charged phospholipids on cell membranes, given the proposed hairpin mode-of-action of karlotoxins. 11, 12 In addition, karmitoxin contains a ketone carbonyl also present in karlotoxin-8 and -9 12, 33 and carteraol E, lingshuiol and karatungiols A and B isolated from Amphidinium sp. 7, 34, 35 Furthermore, it is also noted that karmitoxin has the longest unbranched carbon-carbon chain discovered in this class of compounds, such as the amphidinols 5,6 and karlotoxins. 33 The length of the lipophilic arm of this class of compounds is important for haemolytic activity 12 and karmitoxin also exhibits the same length as KmTx1 (C18), which alongside KmTx8 (C16) are the karlotoxins with the highest reported haemolytic activity of rainbow trout erythrocytes. 12, 33 From a toxicity perspective we have shown that karmitoxin is cytotoxic in the mid-nanomolar range in the RTgill-W1 cell assay (Figure 3 ) and given the structural similarity to karlotoxins, we hypothesize that this toxin also will exhibit ichthyotoxic activity.
In conclusion, we have described the structure of a new structurally unique karlotoxin-like compound named karmitoxin. Future degradation experiments 3, 36 will determine whether the absolute configuration of karmitoxin shares the same absolute configuration of either karlotoxin-2
(2) or the antipodal configuration described for amphidinol-3 (4). 37 
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